In Aerospace applications, pressure measurement plays a vital role as it serves as one of the input to onboard controller to aid decision-making on initiating or terminating some of the critical events. In this paper, the design aspects of pressure sensor using linear eddy current displacement sensor (ECDS) are presented along with its performance evaluation. The static calibration is carried out to select the best position of ECDS in the proposed pressure sensor. The effect of target temperature on sensor output is presented with test results to aid compensation. A compensation algorithm is developed to minimise the error due to target temperature. The developed compensation algorithm is validated using thermal calibration. The designed pressure sensor is calibrated using Arson dynamic pressure calibrator to evaluate its bandwidth. The calibration results are analysed to aid future sensor design towards improvement of accuracy, bandwidth and miniaturisation.
INTrODUCTION
In Aerospace applications, strain gauge type pressure sensors play a vital role in pressure measurement due to their excellent repeatability and reliability [1] [2] [3] . In strain gauge type pressure sensor, diaphragm converts applied pressure into proportional strain. Four strain gauges connected with wheat stone bridge act as transduction element which converts the strain into proportional output voltage. But, these sensors have the following limitations. (a) Service temperature of strain gauge is limited (b) Requires compensation beyond compensating temperature (c) Compensation is limited only up to operating temperature Mostly, long tubes are used to solve the temperature problem of strain gauge type pressure sensor in static test environment. But, the tubing method reduces the bandwidth of the sensor due to resonance cavity 4, 5 formed by tube and the cavity of sensor. The temperature problems acquainted with the strain gauge type pressure sensors are mainly due to strain gauges 6 and contact transduction method. Hence, the non-contact transduction principles like optical, capacitive, inductive and magnetic [7] [8] [9] shall be employed to overcome the temperature problems. The applications of capacitive method and optical method are limited to static measurements and laboratory environment respectively. The magnet based pressure sensor is not preferred in harsh environment as it requires frequent calibration to meet the specified accuracy.
In chamber pressure measurement during static testing of aero space engines, harsh environment means the diaphragm temperature and the transient pressure generated by combustion gases. From the data base, the maximum diaphragm temperature is 340 °C at 20 s and the minimum rise time of the transient pressure is about 4 ms. The maximum vibration and shock levels experienced by the pressure sensor are 5 g rms (20-2000Hz) and 20 g half sine wave for 11 ms duration, respectively.
In pressure sensor using linear eddy current displacement sensor (ECDS) shown in Fig. 1 , when the pressure is applied on the sensing diaphragm, it moves towards ECDS. This increases the eddy current induced on the target surface and reduces the inductance of the ECDS coil. The conditioner circuit available in ECDS converts the change in inductance of the coil in to the corresponding output voltage. Aluminium is used as target material due to its high conductivity and light weight. The target diameter of 1.5 times the diameter of the shielded ECDS is required to achieve better resolution. The diameter of ECDS is 12 mm. Hence, the diameter of the target is 18 mm. The skin depth of the Aluminium target is 82 µm. The thickness of the target more than three times the skin depth is preferred for precision measurement. Further, the target thickness recommended for Aluminium is 250 µm 10 . The dimensions of circular Aluminium target are 18 mm x 250 µm. The pressure sensor using ECDS with Aluminium target is not preferred due to loading effect, bonding problem and compensation.
The diaphragm meets the dimensional requirement of the target and suits the harsh environment applications. In case of pressure sensor without target, diaphragm acts as the target and the primary sensing element. The major issues associated with pressure sensor using ECDS are (i) Selection of best position of ECDS and (ii) Target temperature compensation Any one of the following two compensation schemes can be employed to compensate the effect of target temperature on pressure sensor output. (a) Dual ECDS scheme and (b) Temperature sensor scheme
In dual ECDS scheme, ECDS (A) senses the diaphragm deflection corresponding to the applied pressure due to high temperature gas and ECDS (B) senses mainly the diaphragm temperature as it is positioned near periphery of diaphragm. Hence, the differential output of ECDS (A) and ECDS (B) provides the minimum error due to target temperature. In temperature sensor scheme, ECDS measures the deflection of diaphragm against the applied pressure and its output contains components related to pressure and target temperature. Temperature sensor measures diaphragm temperature and aids target temperature compensation.
Researchers analysed the temperature compensation of ECDS 11, 12 but rarely pointed out the target temperature compensation 13 . In this paper, selection of ECDS, design of pressure sensor using ECDS, selection of best position of ECDS and the performance evaluation of developed pressure sensor are presented with experimental results. A target temperature compensation algorithm is developed to achieve the measured value of accuracy ± 1% FS and stability ± 0.1% FS against target temperature variation up to 120 °C.
PrOPOSED PrESSUrE SENSOr WITH
TArGET TEMPErATUrE COMPENSATION In the proposed pressure sensor as shown in Fig. 2 , ECDS senses the deflection of the diaphragm and provides the output proportional to the applied pressure. A surface mount thermocouple is used to measure diaphragm temperature . The compensation algorithm uses ECDS output and thermocouple output as input and provides pressure value close to true pressure.
DESIGN ASPECTS OF PrESSUrE SENSOr USING ECDS
The design of pressure sensor using ECDS with target temperature compensation is divided into four major parts. 
Design of Sensing Diaphragm
In the proposed pressure sensor, the transduction requirement is displacement. The circular diaphragm yields more deflection than rectangular diaphragm for the given pressure 14 . Hence, circular diaphragm is selected. The corrugated diaphragm has advantages over flat diaphragm like better sensitivity and natural frequency 15 . Due to ease of design and fabrication, flat diaphragm is selected.
Diaphragm material 17-4 PH has high yield strength (1000 MPa) with young modulus 197 GPa and medium corrosion resistance than other diaphragm materials. Hence, 17-4 PH is selected as diaphragm material. The effective diaphragm diameter is taken as 24 mm to evaluate the proposed pressure sensor. The rated and safe overload pressure of the sensor are taken as 6.89 MPa and 10.34 MPa, respectively. In case of diaphragm design, finite element analysis (FEA) is more accurate than analytical solution 15 . Hence, FEA is carried out using ANSYS software version R17.1 and thickness of the diaphragm is selected as 1.0 mm. The natural frequency of the diaphragm (f n ) is calculated as 16847 Hz.
Selection of Eddy Current Displacement Sensor
The maximum deflection of the designed diaphragm under safe load is 0.17 mm. The minimum gap of 1 mm between the diaphragm and ECDS is required for noncontact transduction. Hence, the range of ECDS is selected as 1.0 mm to 1.5 mm. Shielded ECDS is selected as it requires smaller target than unshielded ECDS 10 . Since the diameter of diaphragm is 24 mm, diameter of ECDS cannot be more than 12 mm. The linear eddy current displacement sensor (Make : Omega, Model : lD 701-1/2) is selected as it meets the requirements. 
Selection of Target Temperature Compensation
Scheme when the target temperature increases, the resistance of the target material increases and the eddy current flows on the target surface decreases. In response, inductance of the coil increases, which increases the sensor output voltage. This leads to measurement error beyond the specified limits. Hence, target temperature compensation is required to minimise the error due to target temperature. The dual ECDS scheme is not considered due to the following limitations. Temperature sensor scheme is selected as it is economical, flexible and easy to configure. Since cement-on thermocouple (Make: Omega, Model : CO1K-StyleI) is compact, flexible, surface mountable and meeting the requirements of target temperature measurement, it is selected.
Target Temperature Compensation Algorithm
The calibration results of pressure sensor using ECDS vary from one target temperature to another one. Hence, the target temperature compensation algorithm is developed using the logic illustrated in Fig. 3 to minimise the error due to target temperature. Piece wise compensation technique is used to achieve the measured value close to true pressure. The developed target temperature compensation algorithm serves better to extract true pressure value from the recorded test data.
TEST rESULTS AND DISCUSSIONS
The pressure sensor using ECDS is designed, fabricated and calibrated to evaluate its performance. FEA is carried out and the results are as given in Table 1 . Figures 4 shows the deflection and stress profile of the designed diaphragm under rated pressure. The thickness of the diaphragm is selected as 1.0 mm as it yields maximum deflection under safe over load with the stress less than yield strength. The selected ECDS is calibrated using micrometer as displacement standard 16 to ascertain the useful range of ECDS for the selected diaphragm material. The calibration results of ECDS with diaphragm and Aluminium target are as given in Table 2 . Figure 5 shows the calibration curves of ECDS with representative diaphragm and Aluminium target. From the displacement calibration results, the useful range of ECDS with diaphragm and Aluminum target are 1 mm to 1.5 mm and 0 mm to 0.4 mm, respectively. Aluminum target is not selected due to its limited range and zero near gap.
The selected ECDS is assembled with diaphragm to realise the designed pressure sensor. Static pressure calibration is carried out using dead weight tester. ECDS is fixed at 1.5 mm from the diaphragm surface. Eleven point calibration is carried out at 23 ºC ± 2°C and the results are as given in Table 3 . The similar procedure is repeated for ECDS positions 1.4 mm, 1.3 mm, 1.2 mm, and 1.1 mm to select the best position of ECDS.
The calibration constants like differential full scale output (FSO), linearity (l), repeatability (R), hysteresis (H) and accuracy (A) are calculated and given in Table 3 . The calibration curves of pressure sensor with ECDS at different positions are as shown in Fig. 6 . The best position of ECDS is selected as 1.4 mm as it is better than other positions.
The thermocouple is bonded on the diaphragm to evaluate the performance of the designed pressure sensor against target temperature. Hot blower is used to conduct target temperature test. The test results are as given in Table 4 . The following design changes are implemented to reduce the target temperature.
(a) Ventilation holes and (b) Thermal isolation washers
The target temperature test is conducted on the pressure sensor with modified design shown in Fig. 7 and the results are as given in Table 4 . Figure 8 shows that the performance of modified pressure sensor is better. The ECDS temperature test is conducted using an additional thermocouple bonded on ECDS to measure ECDS temperature. The compensated temperature of ECDS is 60 °C. From the ECDS temperature profile as shown in Fig. 9 , the temperature of ECDS is 50 °C even when the diaphragm temperature is 120 °C for the short period. The developed target temperature compensation algorithm has been verified using the calibration data at 50 ºC. The verification test results are as given in Table 5 . The sensitivity of pressure sensor at 23 °C is used to convert the sensor output in to the corresponding pressure value during the static testing of aerospace engines. But, the diaphragm temperature increases as the burn time of engine increases. The developed compensation algorithm reads the diaphragm temperature and selects the characteristic equation corresponding to the diaphragm temperature zone. The characteristic equation is used to get the measured pressure value with minimum error due to target temperature. From Table 5 , the accuracy of pressure sensor with and without compensation are ± 0.51% FS and ± 1.61% FS, respectively. Hence, it is shown that the developed compensation algorithm improves the performance of the pressure sensor against target temperature variations up to 120 °C. The thermal stability is calculated as 0.0015 %FS/°C.
The designed pressure sensor is calibrated using the Arson dynamic calibrator (Make : TMS, Model: 9907C) to evaluate its bandwidth. The strain gauge type pressure sensor of the same range and diaphragm dimensions is also calibrated for comparison. Figure 10 shows the step responses of the designed pressure sensor and the strain gauge type pressure sensor. From the calibration results, the rise time and bandwidth of these two sensors are the same and calculated as 0.45 ms and 777 Hz respectively. Hence, the non-contact transduction does not affect the bandwidth of the pressure sensor.
The following design changes aid the pressure sensor to serve better in harsh environment. (a) ECDS with compensated temperature up to 200 ºC (b) Non-contact temperature sensor.
CONCLUSIONS
In this paper, the design, fabrication and evaluation of pressure sensor using ECDS have been presented with analysis of test results. The best position of ECDS has been selected through experimental results. The accuracy of the developed pressure sensor is ± 1 % FS. In the designed pressure sensor, temperature of ECDS is below its compensated temperature even when the diaphragm temperature is 120 °C. The developed compensation algorithm serves better up to 120ºC with accuracy ± 0.6 % FS. From the dynamic calibration results, it is shown that the bandwidth of the designed pressure sensor is not affected by the non-contact transduction. From the analysis of calibration and target temperature test results, it is evident that the designed pressure sensor helps to overcome the temperature limitations of the strain gauge type pressure sensor without compromising the accuracy and bandwidth . In the present work, She has involved in the analysis of calibration data to provide necessary inputs for target temperature compensation.
